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577 ~ ABSTRACT

Silica hydrogel is prepared by electrolysis of an aqueous
anolyte solution containing an alkali metal silicate and a
salt of a non-siliceous anion, such as sodium nitrate or
sodium sulfate, 1n a cell with a cation permselective
membrane separating the anolyte and an aqueous catho-
lyte. The electrolysis is effected in the presence of the
salt to deposit silica hydrogel on the anode. The hydro-

gel can be easily recovered from the anode and dried to

produce regular and intermediate density sﬂlca xerogels
having narrow pore size distributions..

38 Claims, 1 Drawing Figure
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ELECTRODIALYTIC METHOD FOR
PRODUCTION OF SILICA GEL

Thisis a dlwsmn of appllcatlon Ser No 80 485 filed
Oct. 1, 1979, now U.S. Pat. No. 4,279,879.

‘This invention relates to silica gel and its preparauon
by electrodialysis of a silicate.

Electrolysis and electrodialysis of an alkah metal
silicate solution have been used to remove alkali metal
ions with water of hydration from the solution and
produce solutions with higher silica concentrations and
silica sols. U.S. Pat. No. 1,557,491 of Codd discloses a
process of preparing an alkali silicate solution having a
high ratio of silica to soda by electrolyzing a lower ratio
solution in a two compariment cell between a rotating
platinum anode and mercury cathode. In the process,
low 1nitial silica concentration, rapid rotation of the
anode or anolyte, and controlled current density avoid

substantial deposnlon of silica on the anode and the
electrolysis is limited so that a sol or gel is not formed.

The patent notes that separation of silica at the anode

makes the process much less efficient and that, as the

soda 1s removed, the conductivity of the solution falls
and total removal of soda 1nv01ves conmderable electn—-
cal inefficiency.

In U.S. Pat. No. 1,562,940, Collins dlscloses a process
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membrane, thus further increasing the resistance and

eventually terminating the process. The sol-electrolyte

]

must be agitated strongly near the surfaces of the mem-
brane in order to prevent deposition of silica.

~In U.S. Pat. No. 4,124,471, Lieb et al. disclose a
method of preparing a silica sol by effecting electrodial-
ysis of an alkali metal silicate anolyte in a cell with a

- cation permselective membrane separating the anolyte

10

and an alkali metal hydroxide catholyte while adding an
alkali metal silicate solution to the anolyte to maintain

- the pH in the range of from about 7.5 to about 8.5.

15
- an alkali metal hydroxide solution increases the concen-

20

When the silica sol has reached the desired particle size,
the silicate feed is replaced with an alkali metal hydrox-
ide solution to control the pH and terminate silica parti-
cle growth. Continued electrodialysis with addition of

tration of the sol due to continued removal of alkali

metal 1ons with water of hydration. Silica deposition on

the anode and consequent loss of electrical efficiency by
the anode are essentially prevented by the control of the

- pH of the anolyte.

Silica gels include silica hydrogels and silica xerogels.

- Silica hydrogels are conventionally prepared by react-

23

for producing pure silicic acid hydrosol by electrolyz-

ing an aqueous solution of water glass between a rapidly
rotating anode and a mercury cathode. The process
permits practically complete removal of sodium so that

the sol sets to a gel a few hours after the last traces of
sodium have been removed. Rotation of the anode pre-

vents deposition of silica, particularly when the silicate
is diluted. Collins teaches that, if the deposition of silica
is not prevented, the silicate solution would become
useless due to dilution and the silica would in time serve

as an insulator for the anode and prevent the passage of

current.
U.S. Pat. No. 3,668,088 of I]er describes an electrodl-

30

ing an alkali metal silicate and an acid in an aqueous
medium to form a silica hydrosol, allowing the hydrosol
to set to a hydrogel, and washing the hydrogel. Xero-
gels are prepared by drying the hydrogel. In U.S. Pat.

Nos. 3,794,712 and 3,819,811, Aboutboul et al. disclose

silica xerogels having a narrow pore diameter distribu-
tion primarily in the range of from 300 to 600 ang-
stroms, a surface area of from 200-500 square meters
per gram, and a pore volume of from-about 2.0 to about

3.5 cubic centimeters per gram. U.S. Pat. No. 4,148,864

35
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alysis process for making concentrated silica sols that

may be used to make pure silica gel. Iler discloses that

the sols produced in prior methods of electrolysis or
electrodialysis either gel or precipitate silica within the
electrolysis equipment. Iler solved this problem by in-
terposing an anion-tmpermeable, cation-permeable
membrane between the anode and the silica sol to pre-

vent silicate ions from migrating to the anode. In the

process of the patent, a sol-electrolyte containing an
aqueous silica sol, an aqueous sodium or potassium sili-
cate solution, and a sodium or potassium salt of a non-
siliceous anion is electrolyzed while separated from an
acid anolyte by the cation-permeable, anion-impermea-
ble membrane. Hydrogen ions from the anolyte are
drawn through the membrane into the sol-electrolyte
-~ and alkali metal ions are removed from the sol-elec-
trolyte to the cathode. The temperature of the sol-elec-
trolyte 1s maintained between 50° and 100° C. and aque-
ous alkali metal silicate solution is added to the sol-elec-
trolyte as needed to maintain the pH of the sol-elec-
trolyte between 8.0 and 9.5 so that little migration of
silicate ion toward the anode occurs. The salt of the
non-siliceous anion employed in the Iler process lowers
the electrical resistance of the sol-electrolyte by provid-
ing anions other than silicate and hydroxyl ions to carry
the current toward the anode. ller discloses that, when

the current is carried by silicate i1ons, the silicate 1ons

migrate toward the anode and deposit silica upon the

45
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of Groth et al. discloses a silica gel of increased adsorp-
tion power which may have a pore dlameter of 20-25

angstroms.

The present invention prowdes a method of prepar-.
ing silica gel which comprises electrolyzing an aqueous
anolyte solution of an alkali metal silicate and a salt of a
non-siliceous anion. The concentration of the salt is at
least about 0.01 normal and the solution is electrolyzed
in'a cell having a cation permselective membrane sepa-
rating the anolyte and an aqueous catholyte solution.

Silica hydrogel is deposited on an anode of the cell,

recovered from the anode, and may be dried to produce

silica xerogel.

Applicants have suprisingly found that the method
produces silica hydrogel on the anode of unexpectedly
high purity with low current requirements. The hydro-
gel is formed by the reaction of silicate ions and associ-

~ ated hydroxyl 1ons with hydrogen ions produced by the
- electrolysis of water at the anode. The salt concentra-

>

tion provides sufficient non-siliceous anions to maintain
the electrical conductivity of the anolyte and silica
hydrogel deposit durmg electrolysis and promote gela-
tion.

The silica hydrogel prepared by the method of thIS
invention has lower alkali metal and anion contents than

~ that produced by conventional acid treatments of sili-

60
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cate without extensive washing. Because of the ehimina-
tion of the need for washing the hydrogel and the pro-
duction of concentrated alkali metal hydroxide solution
in a preferred method, the direct manufacturing costs
are lower than conventional acidification procedures.
Further, xerogels prepared in accordance with the
method of this invention have narrower pore size distri-
butions than the products of conventional methods due
to more uniform gelation conditions.
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The drawing is a diagrammatic representation of a
typical electrodialysis cell suitable for practlemg the
method of this invention.

Specifically, an electrodialysis cell is shown having a
- housing 1. Cation permselective membranes 2 and 3 and

- the housing define a central anode compartment 4 and

terminal cathode compartments 5§ and 6. Anodes 7 and

- 8 are posttioned in the anode compartment and cathodes

9 and 10 in the respective cathode compartments. The

electrodes are connected to a source of direct electrical
current 11. Cells having single or additional anode and

cathode compartments may be used if desired.

- In the operation of the cell, initial charges of anolyte
~ and catholyte are fed into the respective compartments
and a direct electric current is applied to the electrodes.

‘During electrodialysis, alkali metal ions with water of

hydration migrate from the alkali metal silicate and salt
solution in the anode compartment through the cation

permselective membrane to the cathode compartment.
- Water 1s electrolyzed at the cathode and accepts elec-

trons from the cathode in the reaction 2H;0+-
2e—Hj(g)+20H~. Silicate ions, hydroxyl ions, and the
non-siliceous anions in the anolyte solution mlgrate to
the anode in the anode compartment. Water is electro-
lyzed at the anode and gives up electrons to the anode
in the reaction 2H30--03(5)+4H+ +4e~. The hydro-

- gen tons produce an acidic pH region in the vicinity of

‘the anode in the substantial absence of agitation. The
silicate ions and associated hydroxy! ions react with the
hydrogen ions and condense to form a deposit of silica
hydrogel on the anode. Alkali metal ions may be oc-
cluded in this deposit. However, the occluded positive
-ions are repelled by the anode and migrate to the outer
surface of the deposit as it bullds in depth and electrodi-
. alysis continues.

- Electrodialysis is generally contmued until the depth
of the silica hydrogel deposit is from about 0.5 to about
4 centimeters and the silica hydrogel is recovered from

4

electrodialysis, the silica concentration and pH of the

~ anolyte solution decrease depending upon the amount

10

15

of anolyte solution added to the anode compartment.

When the anolyte solution has a silica concentration of
about 5 weight percent, the anolyte is generally heated
to a temperature of from about 50° to about 100° C. to

produce small but acceptable quantities of hydrogel on-
the anode. At silica concentrations of about 29 weight
percent, the alkali metal levels in the hydrogel are rela-

tively high, for example, on the order of about 1.0
weight percent calculated as the alkali metal oxide.

Preferably, the anolyte solution contains from about 8§
to about 28 weight percent SiO;. At these concentra-
tions and pH’s greater than about 12, substantial current
1s carried by the non-siliceous, silicate, and hydroxyl

- 10ns and thus substantial quantities of silica hydrogel are

20

25

formed in the vicinity of the anode with lower current

requirements. - |
The anolyte silica concentration is inversely related
to the water content of the hydrogel recovered from the

anode and thus the pore volume of the dried gel. Gener-

ally, a silica concentration of from about 8 to about 15
percent is used for production of ID gels and about 15
to about 28 percent is used for production of RD gels.
The particular silica concentration within the preferred

- range has little effect on the average pore diameter of

30

~ about 4:1]
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the anode. A solution of silicate and salt may be added -

to the anode compartment, as necessary to compensate
for the silicate ions and salt anions removed by recovery
of silica hydrogel and catholyte solution may be re-
moved from the cathode compartment as necessary to
~accomodate increases in its volume. The oxygen gas
- generated at the anode and hydrogen gas generated at
the cathode may be collected or simply vented out of
the system.

The silica concentratlon, anolyte temperature, cur-
rent density, and treatment after electrodialysis are the
primary variables that determine whether the dried
~ product is a regular density (RD) silica gel or an inter-

-mediate density (ID) silica gel. RD gels have extremely

fine pores and large surface areas. ID gels have lower

‘surface areas and much larger average pore diameters
and pore volumes than RD gels. Generally, lower initial
silica concentrations, lower current densities, and lower
‘anolyte temperatures in electrodialysis and high pH
~treatments after electrodialysis produce intermediate
density gels.

The anolyte is an aqueous solution of at least one

~ water soluble alkali metal silicate and at least one water
soluble salt of a non-siliceous anion. Preferably, the
- silicate 1s an aqueous solution of sodium silicate or po-
- tassium silicate. The silica concentration of the anolyte
solution generally may range from about 5 weight
percent to about 30 weight percent calculated as SiO».
The pH of the silicate solution may generally be at least
~about 10 and preferably is at least about 12. During

435
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RD gels but the average pore diameter of ID gels de-
creases with increased silica. concentratlons within the
preferred range. | | |

The anolyte solution may have a silica to alkali metal
oxide (SiO7 to M>0) weight ratio of from about 1:1 to
. Typically, the silica to alkali metal oxide
weight ratio in the anolyte solution is about 3.25:1.
Silica to alkali metal oxide ratios of 3.7:1 or higher
reduce the electric current requlrements of the method
because there are fewer alkali metal ions to be removed
from the anolyte by electrodialysis. However, high
ratio solutions are more expensive and their use reduces
the yield of alkali metal hydroxide solution in the cath-
ode compartment.

In addition to the alkali metal silicate, the anolyte
solution also contains a salt of a non-siliceous anion
(other than chloride) to maintain the electrical conduc-
tivity of the cell during electrodialysis and promote
gelation. The salt maintains conductivity by providing
anions in addition to silicate and hydroxyl ions to carry
the current through the anolyte and the hydrogel de-
posit to the anode. The anions permit continued opera-
tion with economically practical electrical requirements
despite the increased resistance caused by the silica
hydrogel deposit. The presence of the anions also
avolds deposition of a thin non-conductive plate of
finely divided silica on the anode and consequent exces-
sive resistance and cell shutdown.

The salt may be a neutral salt of a strong acid (e.g.,
sodium sulfate or sodium nitrate), a basic salt of a weak
acid (e.g., sodium borate or sodium carbonate), or an
acidic salt of a weak base (e.g. ammonium sulfate). Suit-
able anions that provide the necessary increased con-
ductivity include nitrate, nitrite, carbonate, bicarbonate,
sulfate, sulfamate, borate, acetate, citrate, oxalate, sili-
cofluoride, sulfosalicylate, fluoride, phosphate, or mix-
tures thereof. Sulfate, nitrate, and carbonate salts are
generally used because of their relatively low cost and
ease of handling. Nitrate and carbonate salts are pre-
terred when these anions are objectionable in the prod--
uct since they are removed on drying. A nitrate salt
increases conductivity more than a carbonate salt of the
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same cation at the same concentration and its use thus

reduces electrical costs. In the productlon of RD gel by

‘the method of this invention, an anion of a strong acrd
such as sulfate or nitrate, is used. |

- The anion is generally added to the s1ltcate solution in
the form of an alkali metal salt, such as a sodium or

potassium salt, or of an ammonium salt. Preferably,

salt of the same alkali metal as is present in the alkali
metal silicate is employed. The salt may also be incorpo-

10
anion which will form the salt in situ. For example,
sodium carbonate and/or bicarbonate may be provided .

- rated in the anolyte by adding a source of non-siliceous

| Im the anolyte solution by adding carbon dioxide.

The salt concentration employed will vary in accor- "

‘dance with the desired degree of conductivity and hy-

4,387, 008
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| preventmg passage of anions from one compartment to

the other. The membrane may comprise any of the

~ commercially available cation exchange resins which

‘drogel porosity. Increased salt concentrations provide

Jincreased conductivity but more current is necessary to

- produce the same weight of silica hydrogel product as
- the amount of alkali metal in the solution is increased.

- The increased current demands are balanced economi-
“cally by the increased recovery of alkali metal hydrox- |
“ide. The relative tendencies of the ions in the anolyte to |
- carry the current depend upon their relative concentra- . -
~tions and the concentrations of silicate and hydroxyl'
- 1ons depend upon anolyte pH. The salt concentration is

25

~ thus selected to provrde a balance of salt anions, silicate
‘jons, and hydroxyl ions to carry the current. It has been.

found that a salt concentration of at least about 0.01

- normal is generally necessary to provide sufficient con-
‘ductivity and deposﬂ: silica hydrogel on the anode in the
‘method of this invention. Normalities of from about

0.01 to about 0.25 are preferred to balance current de-

~mand and conductivity.

The aqueous catholyte may be any aqueous electro-

lyte that is compatible with alkali metal ions and the

30_,;",, -
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~membrane and that has sufficient conductivity for cell

- operation. The catholyte is generally a solution of at
least one alkali metal hydroxlde Preferably, the alkali

metal hydroxrde used is sodium hydroxrde The alkali

metal hydroxide generally is present in the solution in

an amount from about 1 to about 30 weight percent,
preferably about 5 weight percent, at the start of the
~operation of the cell. The concentration of the hydrox-

20

are chemically resistant to the electrolytes used in the
cell and have a low resistance value to provide a high

- current efficiency and a sufficient lifetime for commer-
~cial cell operation. Suitable membranes generally com-
“prise a film of a sulfonated vinyl polymer or copolymer.

‘Typically, the film is impregnated on an electrically

non-conductive, inert, reinforcing member, such as

© woven or non-woven fabric made of ﬁbers of asbestos,
- glass, TEFLON, or the like. |

On type of membrane which may be used in the pres-

~‘ent invention is a thin film of a cation exchange resin
15

comprising a fluorinated copolymer having pendant

sulfonlc acrd groups w1th the repeatlng struetural units

F ad (2) —CXX'—CF;
*—(IZ"*CFg |
. 303H

o

In forninlla _(1),‘ R repres._ents the group_ |

B '-;CF—-'CFg—o-(-CFY—-CFz—-o-}—' -

in which R’ is ﬂuonne or perﬂuoroalkyl of 1-10 carbon
~ atoms, Y is fluorine of tnﬂuoromethyl andmis 1, 2, or

3; and n is 0 or 1. In formula (2), X is fluorine, chlorine,
trlﬂuoromethyl or hydrogen; and X' is X or CF3+-CF-

20—, wherein a is 0 or an integer from 1 to 5. The -

- mole percent of the recurring structural unit of formula

ide solution will increase during operation to from .

about 25 to about 35 weight percent. The catholyte is

45

ordmarlly a solution of the hydroxide of the same alkali

metal as is present in the anolyte to provide a concen-
trated solution of the hydroxide as a byproduet of the

- method.
" The electrodes utilized in the electrodralysrs cell can

“be fabricated from any suitable materials that are chemi-

cally resistant to the anolyte solution, oxygen liberated
at the anode, catholyte solution, and hydrogen liberated
at the cathode. The anode preferably comprises a plati-
num group metal, metal oxide, or mixture thereof and
‘more preferably comprises a conductive coating of
~ these materials on a metal substrate of titanium, tanta-
lum, zirconium, niobium, hafnium, or mixtures thereof.
As especially suitable anode comprises a platinum
group metal oxide coating on a titanium substrate. The
preferred types of anodes are described, for example, in

U.S. Pat. Nos. 3,778,307 and 3,711,385. The cathode can

- comprise ferrous materials, such as iron, steel, or stain-
less steel; nickel; or a nickel alloy. The electrodes are
usually used in the form of a sheet or cylindrical rod.
The cation permselective membranes used in this
invention allow cations to pass through them from the
anode compartment to the cathode compartment while

30

(1) ranges between 3 and 20 percent Ion exchange
resins of this type are described in British Pat. No.

1,184,321. Similar ion exchange resins which are co-

polymers of trifluorovinyl sulfonic fluoride and fluoro-

‘ethylenes, fluorocarbon vinyl ethers containing sulfonic
- acid groups or derivatives thereof and fluoroethylenes,

and trifluorovinyl sulfonic acids and fluoroethylenes,

are described in U.S. Pat. Nos. 3,041,317 3,282,875: and

3,624,053 respectively. Ion exchange resins of this type

~ are available from E. 1. duPont deNemours and Co.

under the trademark NAFION |

A second type of membrane comprises a polymene |
film having pendant sulfonic acid groups. The film is
prepared by the polymerization of a polyvinyl aromatic

compound and a monovinyl aromatic compound in an
inert organic solvent under conditions which prevent

33
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-solvent evaporation and the sulfonation of the product.

Suitable polyvinyl aromatic compounds include divinyl

_benzenes, divinyl toluenes, and similar polymerizable

aromatic compounds which are polyfunctional with
respect to vinyl groups. The monovinyl aromatic com-
pound which will generally be the impurities present in
commercial grades of polyvmyl aromatic compounds
may be styrene, isomeric vinyl toluenes, vinyl naptha-
lenes, vinyl ethyl benzenes, vinyl chlorobenzenes, vinyl
xylenes, and alpha substituted alkyl derivatives thereof,
such as alpha methyl vinyl benzene. These polymers are
sulfonated to such an extent that there are not more than

- four equivalents of sulfonic acid groups formed for each

mole of polyvinyl aromatic compound in the polymer
and not less than one equivalent of sulfonic acid group
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formed for each ten moles of poly-and monovinyl aro-
matic compound in the polymer. These 1on exchange

resins are further described in U.S. Pat. No. 2,731,411.

Ion exchange resins of these polymers -containing func-

tional groups of both the sulfonic acid and carboxylic
acid radicals are described in U.S. Pat.. No. 3,887,499.

Membranes of this type are available from IOHICS Inc.,
under the trademark IONICS CR6. S
Electrodlalysm in the method of this invention may
be conducted using a constant current density or a con-
stant voltage. In operations of less than about eight
hours in duration, a constant anode current density- of
from about 0.1 to about 2 amperes per square inch of
anode area is generally employed by increasing the
“voltage applied to the cell as electrodialysis proceeds
and the resistance of the cell increases. The term anode
area as used herein is defined as the area of the anode
immersed in the anolyte solution. In operations of
longer duration, a constant voltage of from about 5 to
about 30 volts is applied to the cell to provide an initial
maximum current density of from about 0.1 to about 2

amperes per square inch of anode area and the anode

current density decreases as electrodialysis proceeds.
Decreases in the anode current density are limited by
the addition of the silicate and salt solution and removal
of the hydrogel deposit from the anode. Generally,
lower constant or initial maximum anode current densi-
ties of about 0.1 to about 0.4 amperes per square inch of
anode area are employed to produce intermediate den-
sity silica gel.

The length of time that the current is passed through
the electrodes is variable and depends upon the desired
amount, purity, and density of the hydrogel deposit.
For example, the method may be conducted for periods
ranging from about 3 to about 75 hours or more.

~The anolyte solution may be introduced into the cell
at ambient temperatures or may be heated prior to intro-
duction. Cooling means may be provided to maintain
the anolyte at the desired temperature or the anolyte
temperature may be allowed to increase during the run.
Higher anolyte temperatures provide considerably
higher hydrogen production rates with decreased cell
resistance. Also, the hydrogel product will have a con-
siderably lower pore volume. Generally, the tempera-
ture of the anolyte may vary from about 10° to about
100° C. The temperature range for RD gel production is
generally from about 10° to about 80° C. The tempera-
ture of the anolyte solution is generally from about 10°

to about 50° C. for ID gel production. Preferably, the -

temperature of the anolyte solution is from about 25° to
about 45° C. When the initial silica concentration in the
anolyte i1s about 5 weight percent, the anolyte is gener-
ally heated to about 50° to about 100° C. to produce
small but acceptable quantities of hydrogel. :
The electrolysis of the anolyte solution is conducted
to. deposit silica hydrogel on the anode. Substantial
 agitation of the anolyte solution is avoided since, in
electrolysis with such agitation, only a tight, thin film of
silica is deposited on the anode before the electrical
resistance becomes too high for cell operation. For
example, such a tight, thin film is deposited on the
anode when the anolyte solution is circulated between
the anode compartment and a storage container at a
flow rate such that the entire anolyte solution is re-
placed every two minutes. Substantial agitation pre-
vents the formation of a region of lower pH and high
salt anion concentration in the vicinity of the anode by
distributing the hydrogen ions, resulting from .the an-

10
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odic reaction of the decomposition of water to form
oxygen, ‘and the salt anions throughout the anolyte
solution.. Generally, the anolyte solution may be elec-

trolyzed to deposit silica hydrogel on the anode under
agitation of a Reynolds number of less than about 10 or
lower, such as less than about 5 or less than about 1.

Preferably, the anolyte solution 1s electrolyzed in the
substantial absence of agitation. Generally, the only
agitation in the method of this invention is that caused
by the generation of oxygen gas at the anode and by the
introduction of small quantities of additional anolyte
solution into the anode compartment to maintain ano-
lyte volume during electrolysis. For example, 30 milli-
liters of anolyte solution may be introduced into 23
liters of anolyte solution in an anode compartment
which is 5.5 inches deep, 6.5 inches high, and 4.25
inches wide.

When the initial silica concentration in the anolyte

solution is from about 15 to about 28 weight percent, the
hydrogel recovered from the anode will contain from

about 35 to about 55 weight percent water. Throughout

- this specification, the water content of the hydrogels

and xerogels was determined as total volatiles content
by weight (TV %) by measuring the loss in weight after
heating for one hour at 1750° F. (955° C.). From about
55 to about 60 weight percent water is present when the
initial silica concentration is from about 8 to about 15
weight percent. These lower silica concentrations when
combined with low anode current densities produce
hydrogels containing from about 60 to about 65 welght
percent water. | |

The hydrogel recovered from the anode contalns
lower alkali metal and. anion levels than the gels pro-
duced by conventional silicate neutralization proce-
dures so that washing is unnecessary for many applica-
tions. If higher purity levels are desired, the hydrogel
may be washed with water, an acidic aqueous medium,
or an alkaline aqueous medium. Intermediate density
gels are produced by washing the hydrogel with an
alkaline medium, such as an aqueous ammonium hy-
droxide solution, having a pH of from about 7 to 10.
Regular density gels are prepared by washing the. hy-
drogel with water or acidified water having a pH of
from about 1 to about 4. In order to induce further silica
polymerization and reduce shrinkage on drying, the
hydrogel recovered from the anode may be aged at a
temperature of from about 90° to about 180° F. (32°-82°
C.) for a period of from about 5 to about 48 hours.

If especially pure hydrogels and xerogels are desired,
the anolyte solution is removed from the cell and re-
placed with an aqueous acid anolyte solution. The acid
anolyte is electrolyzed to purify the hydrogel. An aque-
ous solution of a strong acid, or of a weak acid, of the
same non-siliceous anion as that of the salt in the anolyte
solution is preferably used as the acid anolyte. Aqueous
solutions of nitric acid or carbonic acid are especially
preferred since they are removed on drying. Electroly-
sis is effected to provide the desired degree of removal
of alkali metal ions and is generally effected for at least
about one hour and preferably from about one to-about
three hours at a constant or initial maximum current
density of from about 0.01 to about 0.4 amperes per
square inch of anode area.

The hydrogel may be dried by any conventional
means such as oven drying, tray drying, flash drying, or
spray drying and ground in a fluid energy mill, hammer
mill, or other known mill to the desired particle size.



Generally, the ground gels have a weight median parti-
cle diameter of from.about: 1 to about 40 microns. -
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The silica gels of this invention are described in terms '

of their pore size distributions, adsorptwe capacities,
surface areas, pore volumes, average pore diameters,
and bulk densities. The surface areas and pore volumes
were determined by the nitrogen adsorptmn method
described in Brunauer, Emmett, and Teller, 60 J. Am.
Chem. Soc. 309 (1938). The method is run to a P/Po of
0.967 so that pore diameters of from 14 to 600 angstroms
are measured. The average pore diameter was calcu-
lated from the pore volume and surface area in accor-
dance with the following equation -

average pore diameter =

4 X dre volume X 104 |

surface area

The selective determination of the nitrogen pore vol-
ume within a gwen pore size range was made using the
method described in Barrett, Joyner, and Halenda, 73 J.
Am. Chem. Soc. 373 (1951). The adsorptive capacities of
the xerogels of this invention were measured at a tem-
perature of 75°-77° K. (24°-25° C.) and atmospheric
pressure by the following procedure. The hydrogel was
dried at 200° C. for 16 hours in a forced draft oven to a
total volatiles content of about 5 to about 8 weight
percent and ground with a mortar and pestle. 5 grams of

10

1s provided by..;pores'having a pore diameter of less than
about 20 angstroms. Due to the narrow pore size distri-
bution, preferred regular density silica xerogels of this

- invention have an adsorption capacity of at least about

12 weight percent at 10 percent relative humidity. Pref-

erably, these gels also have an adsorption capacity of at

~ least about 35 percent at 80 percent relative humidity.

10

15

These gels also have a surface area of from about 500 to
about 1000 square meters per gram (m?2/g), a pore vol-
ume of from about 0.35 to about 0.50 milliliters per gram
(ml/g), an average pore diameter of from about 18 to
about 25 angstroms, and an apparent bulk density of
from about 0.67 to about 0.75 grams per milliliter
(g/ml). Regular density xerogels that are especially
preferred for use as adsorbents have an average pore
diameter of less than about 20 angstroms, such as an

~ average pore diameter of {rom about 17 to about 19

20

25

the xerogel were placed in a container connected to a

source of air at variable relative humidities of 10, 20, 40,
60, and 80 percent and ambient temperatures of 75°-77°
F. (24°-24° C.). The air was passed upwardly through
glass wool at the bottom of the container and through
the xerogel and then to the atmosphere. The xerogel

was allowed to remain in the container for 6 hours and

weighed. The xerogel was then reinserted in the con-
tainer for 1 hour intervals until a constant weight was
achieved. The adsorptive capacity was calculated from

30

-angstroms. The regular density gels of this invention are

excellent adsorbents and are also useful as polishing
abrasives and catalyst supports.
- The following examples describe several embodi-

‘ments that illustrate the invention. All parts and per-

centages in the examples are by weight unless otherwise
indicated.

EXAMPLE 1

This example illustrates the preparation of a silica
hydrogel using a cell of the type shown in the drawing
and of a regular density silica xerogel and an intermedi-
ate density silica xerogel from the hydrogel. The cell

~ had a central anode compartment which was 5.5 inches

35

the sample weight before and after the test in milliliters -

of water per 100 grams of sample or percent adsorption
capacity.

Silica gels produced in accordance with this inven-
tton have narrower pore size distributions than those of
conventionally prepared gels because of the more uni-
form gelation conditions. The intermediate density sil-
ica xerogels of this invention have at least about 90
percent of the pore volume of the gel provided by pores
having pore diameters of from about 70 to about 180

angstroms. Preferably, at least about 95 percent of the

pore volume is provided by pores having pore diame-
ters of from about 70 to about 180 angstroms. The inter-
mediate density xerogels also have a surface area of
from about 250 to about 400 square meters per gram, a
pore volume of at least about 1.0 milliliters per gram,
preferably of from about 1.0 to about 1.2 milliliters per
gram, an average pore diameter of from about 120 to
about 160 angstroms, and an apparent bulk density of
from about 0.35 to about 0.40 grams per milliliter. Be-
cause of their narrow pore size distribution, the interme-

diate density silica gels of this invention are particularly

~useful as catalyst supports and in chromatography.

deep, 6.5 inches high, and 4.25 inches wide, and two

~ terminal cathode compartment each of which was 5.5
1nches deep, 6.5 inches high, and 2.12 inches wide. The

anode and cathode compartments were separated by
Nafion membranes which were 4 inches in diameter.
Two 2 by 4 inch platinum anodes were placed in the

- central anode compartment and one 2 by 4 inch stainless

40

steel cathode was placed in each cathode compartment.

- 'Two and one-half liters of a solution containing 10 per-

cent Si0», 3.25 parts of SiO; per part of NajO, and 2

- grams per liter of sodium nitrate were placed in the

45

anode compartment and one liter of a 4 percent sodium
hydroxide solution was placed in the cathode compart-
ments. The anolyte solution had a pH of approximately
13 and a sodium nitrate concentration of 0.024 normal.
The platinum anodes and the stainless steel cathodes

- were connected to an adjustable source of direct cur-

50

rent and power was applied at a constant DC voltage of
8 volts. The initial current through the cell was 5 am-
peres and the initial current density was 0.156 amperes
per square inch of anode area. Electrolysis was contin-

~ ued for 47.5 hours and the anolyte temperature during

35

the run was 25° to 35° C.
During the run, a sodlum silicate solution contammg

10 percent S10; and 3.25 parts of $10; per part of NayO
was added to the anode compartment as necessary to

60

These gels are also useful, for example, as flatting

agents, anti-blocking agents, thlckenmg agents and anti-
caking agents. |

The regular density sﬂwa xerogels of this mventlon
have at least about 85 percent, preferably at least about

65

90 percent, of the pore volume provided by pores hav-

ing a pore diameter of less than about 30 angstroms.

Preferably, at least about 60 percent of the pore volume.

maintain volume and sodium hydroxide solution was
removed as necessary from the cathode compartments.
At the conclusion of the run, the current had dropped to
1.3 amperes and the concentration of the sodium hy-

~droxide solution had increased to 12.4 percent NaGH.

522 grams of silica hydrogel were recovered from the
anodes. The hydrogel had a total volatiles content of
61.90 percent, a Nay;O content (dry basis) of 0.024 per-:
cent, and a SO4= content (dry basis) of 0.017 percent. A
portion of the hydrogel was washed by soaking it in a



4,387,008

11

10.8 pH aqueous ammonium hydroxide solution for
twelve hours at 77° C. The ammonium hydroxide solu-
tion was changed twice during the first three hours. The
hydrogel and soaked hydrogel were dried in a forced
- draft oven at 200° C. for 16 hours to produce, respec- 5
- tively, the regular density silica xerogel and intermedi-

ate density silica xerogel having the pmpertles shown in
Table I.

TABLEI
‘Regular 10
. Density Intermediate Density
| (Dried) = (Washed and Dried)
TV % _ . 493 2,26
NayO % (dry basis) - . 0.049 0.006 = =
-S04 % (dry basis) | 0.067 0.012 15
Total nitrogen % (dry bams) 0007 0.020
- pH 4.57 - 600
- Surface area (mz/g) - - 743.0 | 275.0
. Pore volume (ml/g)  _ 0.47 - L10
. - Average pore diameter (A) 250 159.0
20

When referred to throughout this specification, the
pH of a hydrogel or xerogel was determined as. a 5
percent aqueous slurry of the hydrogel or xerogel. The
pore distribution of the intermediate densny xerogel is

: shown in Table II | - D 23

TABLE II'
~ Pore diameter Cumulative Pore = Cumulative Percent
o (A) - Volume (cc/g) ~ of Pore Volume
600 | | S
580 S 0002 .02 o 30-
560 | 0005 - 04
540 | - .0008 07
520 - 0012 | 10
300 | 0039 | 35
- 480 | 0042 .38 |
460 | 0047 402 ¥
440 - - 0052 | 46 -
420 - 0055 o 49
400 R 0064 Y
380 | 0066 .39
360 - 0075 67 -
340 0075 67 40
320 | 0075 67 -
300 - 0075 . .67
280 - 0075 | 67
260 | L0081 - T2
240 0102 .90
20 - .0130 1.16 45
- 200 | 0163 - 1.45 |
180 0338 3.01
160 1211 10.79
150 2320 20.67
140 4038 35.98
130 3560 49.53
120 7191 64.07 30
110 . 8585 88.46
90 1.0756 - 935.82
80 - 1.1225 100.00

This xerogel had 97.09 percent of its pofe volume pro- 55

~_vided by pores having pore diameters of from 80 to 180

- angstroms.

EXAMPLE 2

This example again illustrates the preparation of reg- 60
“ular density and intermediate density silica xerogels
from the same hydrogel recovered from the anodes by
varying the treatments after removal from the cell. The
procedure of Example 1 was followed except that the
D.C. voltage was applied to the cell for 41 hours. The 65
initial current was 4.1 amperes and the initial current
density was 0.128 amperes per square inch of anode
area. At the conclusion of electrodialysis, the current

12

had dropped to 1 ampere and the concentration of the
sodium hydroxide solution had increased to 8.37 per-
cent NaOH and its volume had increased about 10 vol-
ume percent. The 426 grams of silica hydrogel that
were recovered from the anodes had a total volatiles
content of 62.44 percent, a Na;O content (dry basis) of
0.013 percent, a SO4= content (dry basis) of 0.013 per-
cent, and a pH of 3.13. The properties of the xerogel
products are shown in Table IIL

TABLE III

Regular Density

(Dried) -

TV % 1750° F. | 5.32

NayO % (dry basis) o 0.025

S04~ % (dry basis) | 0.035

Total nitrogen % (dry basis) | 0020

pH | o 416
 Surface area (mz/g) - - T98.0

Pore volume (ml/g) =~ 045

Average pore diameter (A) - 22.0
Intermediate Density . |
(Washed and Dried)

TV % o 220

Na;0 % (dry basm) . | 0006
S04~ (dry basis) ) ‘ - 0.060 .

~ Total nitrogen % (dry basis) 0,061

" pH | 6.12
Surface area (m%/g) . .295.0
Pore volume (ml/g) - 1.11

~ Average pore diameter (A) - 1500

The pore distribution of the intermediate density

xerogel 1s shown in Table 1IV.

TABLE IV

Pore diameter Cumulative Pore - Cumulative Percent
(A.) ' Volume (cc/g) of Pore Volume
600
580
560
540

- 520
500
480
460 - |
440 0009 09
420 .0009 .09
400 0012 11
380 0012 11
360 0013 12
340 0019 .18
320 0025 23
300 0025 23
280 0025 23
260 0028 .26
240 0038 .35
220 0059 54
200 0074 .69
180 0099 92
160 0136 1.27
150 0263 2.44
140 0533 495
130 0988 - 9.17
120 2287 21.23
110 3977 36.91
100 7102 65.93
90 9320 '86.51
80 1.0438 96.89
70 1.0773 100.00

This xerogel had 99.18 percent of its pore volume pro-
vided by pores having pore diameters of from 70 to 170
angstroms.
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'EXAMPLE 3

Silica hydrogel and regular den51ty and mtermedrate
density silica xerogels were prepared in accordance

- with the procedure of Example 1 except that the sodium §

nitrate concentration was 0.047 normal (4 grams per
liter), the length of the run was 27.0 hours and the initial
current density was 0.128 amperes per square inch of
‘anode area. The properties of the 522.0 grams of recov-

ered hydrogel and xerogel products are shown in Table 10

Water Adsomtlon
I. Relatwe Humldttxg%! o

" TABLE VI-continued
- Regular Density . - -
~ (Washed and Dned! -
‘v . . 6.14
Na;O % | -, 0.009
S04 % (dry basrs) - 0.056
pH - 455
~ Surface area (mZ/g) | - 8310
Pore volume (ml/g) o 045
~ Average pore diameter (A)

210

C Milltllters of Water Adsorbed
Per 100 Grams of Gel |

10 14.66
20 - 23.63
40 3044
- 60 34,78
- 80 35.80

The htgher salt conoentratlon, silica concentratlon )

_ 'anolyte temperatures and the acid wash resulted in a
- regular density xerogel having hlgh water adsorptlon at
o low relative humldltres S S |

| EXAMPLE 5 | |
ThlS example 1llustrates the preparatlon of a regular

R densrty desiccant xerogel in accordance with the proce-
. dure of Example 1 conducted at a constant current of 10
. amperes. The other conditions of the run and the prop-
" an erties of the hydrogel and xerogel are shown in Table

o TABLEV
TV | | . 63.03 '15
- Na)O % (dry basis) - 0.030 o
S04 % (dry basis) . . 0.005 |
‘Regular Density gdried! - T
TV, - | - >$14
- NayO % (dry bams) 0.098 e
S04 % (dry basis) ~0014 - 90
. Total mtrogea % (dry. bas:s) 0.018 -
“pH 7 4.56
- Surface area (mz/g) - 7900
 Pore volume (ml/g) = _ .. 041
| Average pore diameter (A) .. 200 R |
~ Intermediate Density o | : o i.25' o
' gﬂashed and Dned! | R
TV | | L2810
- Na;O % (dry bas:s) R . 0015
804 % (dry basis) - - 0005
- Total nitrogen % (dry bas:s) 0035
Surface area (mz/g) 2900 L VII
Pore volume (ml/g) o . Lo2 S
Average pore diameter (A) | 140.0

- -_'—__—'__“'. . -m. M ——— R I""_"I“I--“ : "-" T—. . . ; . I.I I.IHII

- The recovery of the same or larger quantlty of hydro- |
gel in a 27 hour run as in the 47.5 and 41 hour runs of °
- Examples 1 and 2 showed that the increase of the salt
concentration of from 0.024 normal (2 grams per liter) -
-t0 0.047 normal (4 grams per liter) increased the current
by increasing the anolyte conductivity. However, more
current was necessary to produce a pound of silica, as
the amount of sodium in the solution was also increased. .

Constant current runs at sodium nitrate concentra-
tions of from 0.059 to 0.176 normal (5-15 grams per
liter) indicated that increasing salt concentration de-
creases voltage at constant current and soda content of
~ the product, while it also lowers the total volatiles con-
- tent of the hydrogel S

35

40

EXAMPLE 4

This example illustrates the preparatlon of a high
surface area, highly adsorbent regular density silica
xerogel in a 5.5 hour run in accordance with the proce-
dure of Example 1 usmg a silica concentration of 20
percent, sodium sulfate in a concentration of 0.211 nor- 55
mal (15 grams per liter), a constant current of 5 amperes
~and a constant current density of 0.156 amperes per
square inch of anode area. The anolyte temperature
during the run was 33° to 42° C. The hydrogel recov-
ered from the anodes was continuously washed for ten
hours with a pH 3 aqueous sulfuric acid solution at 22°
C. The washed hydrogel was dried for 16 hours at 200°
C. 1n a forced draft oven. The propertles of the hydro-
gel and the xerogel products are shown in Table V1.

- 65

- . TABLEVI
M
‘Hydrogel - E o S
TV 9% - 4573

NaO % (dr}' basis) (.12

45

| ,' TABLE Vil
~ Hydrogel | o
™V % 4740
'NayO (dry basrs) - 025 |
Regular Density - -
(Dried) | -
TV % R 640
NayO % (dry basrs) 002
SO4 % (dry basis) - 0.074
pH | 5.32
_ Surface area (mzfg) 7920
- Pore volume (ml/g) 0.40
Average pore diameter (A) 20.0

Water Adsorption T . R
| - Milliliters of Water Adsorbed -

~Relative humtdttg g%! Per 100 Grams of Gel

10 13.61

. 20 2389
40 - 30.83
60 35.46
80 - - 37.93

Conditions
Sodium nitrate concentration |

0.118N (10 g/1)

5107 concentration (%) | - 20.0 |
Anolyte temperature (°C.) - 40 (approximately)
Current density (amps/sq. |

inch of anode area) 0.3
Length of run (hours) 8.0

The surfacearea; pore volume, and water adsorption
of the xerogel are substantially equivalent to those of -

the xerogel of Example 4 prepared with sodium sulfate
- inalower concentration. The RD xerogels of Examples

4 and 5 had adsorption capacities of at least about 12
percent at 10 percent relative humidity, at least about 20
percent at 20 percent relative humidity, at least about 28
percent at 40 percent relative humidity, at least about 30

~percent at 60 percent relative humidity, and at least
| about 35 percent at 80 percent relative humidity.
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| EXAMPLE 6 -
Three regular densaty silica xerogels were prepared_

in accordance with the procedure of Example 1 using

electrolysis with an aqueous nitric acid anolyte to purify
the hydrogel. The silica concentration was. 25 percent

and the sodium nitrate concentration was 0.176 normal
(15 g/1). The other run conditions and pore distributions

of the products are shown in Table VIII. The pore
distribution of a conventional regular density silica xe-
rogel is also shown in the table for purposes of compari-
SOn.

Time (hours) | S -3

Each of the novel regular density silica xerogels had
at least 85 percent of their pore volume in pores less
than 30 angstroms in diameter, at least 60 percent in
pores less than 20 angstroms in diameter, at least 50
percent in pores less than 18 angstroms in diameter, and

at least 35 percent in pores less than 16 angstroms in.

diameter. The conventional xerogel had 77.5 percent of

_ 16
its pore volume in pores less than 30 angstroms in diam-
eter and 46 Ol percent In pores less than 20 angstroms

EXAMPLE 7

5 A fun Wae.:condueted for 108 hours in the cell of
Example 1 with an aqueous sodium hydroxide catholyte

on an 11 hours on and 1 hour off basis so that the cell
operated 99 hours. The anode compartment was filled

with an anolyte solution of sodium silicate and sodium
10 nitrate having a silica content of 20 percent, a S103 to
Na;O ratio of 3.25, a pH of 11.5, and a sodium nitrate
- concentration of 0.118 normal (10 grams per liter). A

TABLE VIII
Conventional .
_ RD Silica Xerogel . Run | Run 2 __ Run3d
Pore Cum. . Cum, Pore Cum. Cum. Pore Cum. Cum.  Pore Cum. - Cum.
diam. porevol. ' percent - diam.  pere vol.~ percent  diam.  pore vol. percent diam.  pore vol. percent
(A.) (cc/g) of porevol. (A (cc/g) of pore vol. (A.)) (cc/g) - of porevol. (A.) (cc/g) of pore vol.
600 - 00 00 600 kN - 600 01 600 0.0 0.0
580 - 00005 - + 0.13 580 580 01 580 0.0001 - 0.02
560 0.0011 026 560 560 01 2560 0.0002 0.05
540 0.0016 - 0.38 540 540 01 540 0.0003 0.07
520 0.0021 0.51 520 520 .01 520 0.0005 - 0.10
500 0.0026 0.67 ' 500 | 500 01 500 0.0007 - 0.15
480 0.0029 0.69 480 0004 .10 480 01 480 - 0.0009 0.20
460 0.0030 072 460 .0004 A0 460 01 460 0.0012 0.25
440 0.0031 075 440 0004 10, 440 01 440 0.0013 0.28
420 - 0.0033 078 420 0004 10 7420 01 420 - 0.0013 0.28
400 ~ 0.0035 “0.83 400 0004 10 400 01 400 0.0013 0.29
380-.° -~ 0.0037 0.8 - 380 0004 - 10 - 380 01 380 . 00014 0.30
360 -0.0039 0.94 360 0004 10 . 360 K1) 360 0.0014 .0.31
340 0.0041 0.99 = 340 0004 .10 340 01 340 0.0014 . 031
320 0.0045 1.07 320 0004 .10 320 0l 320 0.0015. - 0.32
300 0.0049 .17 300 0004 10 300 0l 300.  0.0016 0.34
280 - 0.0053 - -1.28 - 280 - .0004 .10 - 280 01 280 - -0.0016 - 0,35
260 0.0059 - 1.41 260 0004 .10 260 01 260 0.0017 0.37
240 0.0064 1.53 240 0004 .10 240 01 240 - 0.0018 0.39 .
220 0.0073 - '1.74 220 - .0004 A0 220 01 220 0.0019 0.41
200 0.0079 1.88 200 0004 10 200 01 200 0.0020 0.44
180 0.0081 1.92 180 0004 0 180 .01 180 0.0022 0.47
160 0.0083 2.02 160 0004 10 160 01 160 0.0025 0.55
150 0.0087 2.08 150 0004 10 150 01 150 - - -0.0029. 0.62
140 0.0090 2.15 140 0004 10 140 01 140 0.0032 0.68 .
130 0.0093 2.21 130 0004 10 130 01 130 0.0035 0.75
120 0.0098 235 120 0004 10 120 01 120 0.0040 0.87
110 0.0103 2.45 110 0004 .10 110 01 110 0.0045 0.98
100 0.0110 262 100 0004 10 100 01 100 0.0050 - 1.08
90 0.0119 2.85 90 - .0004 10 90 0018 46 90- 0.0055 1.20
80 0.0132 3.14 80 0004 10 80 0033 84 80 0.0062 1.34
70 -0.0150 3.57 70 0004 10 70 0069 1.74 70 - 0.0075 1.62
60 0.0172 4.09 60 0004 10 60 0100 2.33 60 0.0093 2.01
50 0.0203 4.85 50 0004 10 50 0145 - 3.66 50 0.0125 2,70
40 0.0276 6.59 40 0004 10 40 0230 5.81 40 0.0178 3.85
30 0.0941 22.45 30 0099 2.31 30 0462 11.66 30 0.0386 8.34
20 0.2264 53.99 20 1173 27.26 20 1519 38.36 20 0.1638 35.42
18 0.2652 63.25 18 1701 39.52 18 2003 50.61 18 0.2156 46.62
16 0.3059 72.97 16 2264 52,60 16 2531 63.95 16 0.2787 - 60.26
14 0.3801 90.66 14 3189 74.09 14 3357 - 84,80 14 0.3740 80.88
Conditions | - |
Voltage (volts) o 6 6 | 8
Current density | g
(amps/sq. inch of anode area) 0.019-0.106 0.019-0.100 . - 0.038~0.234
Anolyte temperature C) 28 28 o 35
Length of run (hours) = 2] 23 24
'Acid electrolysis ~ - . |
Nitric acid pH | - | - 1.59 1.59 1.65

1 2

constant voltage of 12 volts was applied to the cell and
the initial current density was 0.20 amperes per square
inch of anode area. A sodium silicate solution contain-

65 ing 25.7 percent SiOz and 10 grams per liter of sodium
nitrate was added to the anode compartment as neces-
sary to maintain volume. The anolyte temperature was
approximately 45° C.
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Hydrogel was removed nine times, washed, and ana- |
lyzed. Half the hydrogel samples were washed with a
pH 3 aqueous nitric acid solution at 22° C. and half at
60° C. The hydrogels were drled in a forced draft oven
at 200° C. for 16 hours. The properties of the nine sam- 5
ples of hydrogel and of the regular den51ty xerogel
products are gwen in Table IX.

008

18
duce an intermediate density xerogel at the same 10
percent silica and 0.024 normal (2. grams per liter) so-

- _dium nitrate concentratlon

EXAMPLE 9

- This example illustrates the effect of varying the -
anolyte temperature on the procedure of Example 1 and

37.62

- "TABLE IX . ,
SAMPLE A B C -D E F G H ] AVERAGE
Hydrogel | ) . |
TV % 41.9 40.7 46.5 399 — 41.0 39.7 37.6 37.9 40.6
Na;O % (dry basis) 0.19 0.22 0.16 0.30 — 0.34 0.60 - 0.45 0.68 - 0.37
Regular Density
(Washed and Dried) |
Wash Temperature (*C.) 22 60 22 60 22 60 22 60 22
TV % 5.99 7.05 6.24 - 6.49 5.81 6.33 5.86 5.63 5.81 6.13
NazO % (dry basis) 0.0044 0013 0.022 0.0045  0.0064 0.002 0.052 0.004 0.0064 0.012
504~ % (clry basis) 0.067 0.070  0.042 0.13 - 0.083 0.073 0.046 0.48 0.083 0.12
pH 4.72 472 - 504 = 5.38 - 553 - 542 . 5.50 5.40 5.53 5.25
Surface area (m2/g) 850 878 847 860 - 860 832 796 799 - 860 842
Pore volume {(ml/g) 0.44 0.47 0.45 044 - 043  0.38 - 0.38 0.38 0.40 0.42
-Average pore diameter (A) 20 - 21 21 20 20 18 19 - 20 20 20
Water Adsorption . | 8 '. . |
Relative Humidity g%; S __Milliliters of Water Adsorbed Per 100 Grams of Gel
10 12,78 7.09 12.76 12.64 13.52 13.49 1209 12,96 13.52 12.32
20 22.80 2227  23.06 22.05 23.19 23.62 -~ 21.50 21.80 23.19 22.61
40 27.17 3296  33.10 32.67 32.81 3162 2974  31.04 32.81 31.55
60 41.50 41.26  41.57 40.40 41.19 37.49 36.09 37.76 41.19 39.83
80 44.47 4373  44.58  45.35 42.01 39.94 42.01 42.27

The silica concentration in the sodium silicate solution
increased during cell operation from 20% to 25% SiO;
and consequently the total volatiles content decreased
from 42% to 38%. A material balance around the elec-
trolytic cell for the week’s operation showed about a
third of the material leaving the cell was by evapora-
tion. This evaporation loss explains the increase in the
silica concentration of the silicate solution.

All the samples had high purity and surface area. The
small average pore diameters ranging from 18 to 21
angstroms provided excellent water adsorption, espe-
cially at lower relative humidities. |

EXAMPLE 8

To illustrate the effect of current density on pore
volume, Example 1 which was run for 47.5 hours at an
initial current density of 0.156 amperes per square inch
of anode area and initial current of 5 amperes was re-
peated but for 23 hours at an initial current of 18 am-
peres and initial current density of 0.56 amperes per
square inch of anode area. The anolyte temperature in
this example was 80° C. in contrast to 25°-35° C. in.
Example 1. The properties of the hydrogel and xerogel-
products of this example and of Example I are shown in

Table X.

30

35

50

40 P
~ pore volume of the dried gel when removed from the

45

the product quality. Experiments were conducted using
a constant voltage of 8 volts and a sodium silicate solu-
tion having a silica concentration of 109% and a sodium
nitrate concentration of 0.024 normal (2 g/1). The hy-
drogels were dried in a forced draft oven at 200° C. for
16 hours. The results shown in Table XI demonstrate
that production rates were considerably hlgher at
‘higher anolyte temperatures but the soda and sulfate
contents increased above 70° C. The total volatiles con-
tent of the hydrogel and thus the maximum obtainable

electrolytic cell was strongly affected by temperature.
For example, the TV 1S 46% at 90° C. and 629% at
30°—35° C.

TABLE XI

Anolyte Temperature Effects

Approximate Anolyte .
30-35

TABLE X
Process Conditions Example 7 Example 1 55
Hydrogel |
TV % 48.0 61.9
Xerogel (Dried) | '
TV % 2.42 2.26
NaO % (dry basis) - 0.019 0.006 60
S04= % (dry basis) 0.007 0.012
Total nitrogen % (dry basis) 0.017 0.020
pH 3.89 6.00
Surface area (m?/g) 2230 - 2750
Pore volume (ml/g) . 0.84 1.10
Average pore diameter (A) 151.0 159.0

The pore volume results show that low current den-
sity and low anolyte temperature were required to pro-

65

Temperature (°C.) - 90 70 50 25
*Current (amperes) 133 11.0 80  6.1** 58
*Current density (amps/sq. |
inch of anode area) 042 034 025 0.19 0.18
Length of run (hours) 68 135 — 6 24
Hydrogel
Quantity recovered
from anodes (g/hr) 176 122 — 19.2 14.9
TV % - 46.02 48.03 5444 61.65 62.6
NayO % (dry basis) 0.12 0.18 0,049 0.024 0.094
504~ % (dry basis) 0.067 0.006 0.022 0.055 0.05]
pH 232 261 264 268  2.33
Regular Density | |

~ (Dried)
TV % 8.02 587 6.22 511 554
NazO % (dry basis) 0.17 021 020 0044 0074
SO4= % (dry basis) 0.13 0.053 0.061 0.032 0035
Total nitrogen % | | -
(Dry basis) -0.013 0.040 0.016 0.014 ~ 0.017
pH 414 392 388 395 4,12
Surface area (m2/g) 530 688 778 760 653
Pore volume (ml/g) N 0.55 0.61 046 046 0.36
Average pore diameter (A) 41 35 24 24 21

Water Adsc}r_ptiﬂn

Milhliters of Water Adsorbed
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TABLE XlI-continued
Anolyte Temperature Effects

_Relative humidity (%) Per 100 Grams of Gel

10 427 110 — 730 8.36
20 671 971 — 1120  13.53
40 1261 17.19 — 2872  27.51
60 22.37 3608 —  33.13  35.30
80 3190 40.76 —  41.56  37.97

*Since the experiments were run at constant voltage, the current and current density
are the values at the start of the run.

**estimated

EXAMPLE 10

Thas example illustrates the effect of substantial agita-
 tion of the anolyte solution in the procedure of Example
‘1 using sodium sulfate as the salt. Nine runs were con-
ducted in which the anolyte solution was re-circulated

between the anode compartment and a storage con-

tainer so that the entire anolyte solution in the anode
compartment was replaced every two minutes. In each

‘run, a tight, thin film of silica plated out on the anode.
- and electrical resistance increased rapidly. Thus, only

4,387,008
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TABLE XIII-continued
_EFFECTS OF SILICA CONCENTRATION IN ANOLYTE
Silica concentration (%) 10 15 20 25
pH .76 195 230  3.15

*Since the runs were conducted at constant current, the voltage given is the mini-

- mum mltlal voltage.

10

15

20

~thin coats could be prepared as the electrical resistance

became too high for a thick coat. The silica that was
recovered had a high NayO content. A typical run is

e shown in Table X1I.

TABLE XII
TV % | | 50.75
Dried silica o
TV % 3.99
NayO % (dry bas:s) 3.75
-S04 % (dry basis) 1.49
- Surface area (m%/g) | 253.0
- Pore volume (ml/g) = - 0.31
“Average pore dlameter (A) 49.0
Conditions
- Sodium sulfate concentration 0.141N (10 g/1)
5107 concentration % 15
- Length of run (hours) 0.5
~ Voltage (volts) | 15
Current density (amps/ $q. mch | -
‘of anode area) 0.156

EXAMPLE 11

This example illustrates the effect of the silica con-
centration in the anolyte solution using sodium sulfate
in a concentration of 0.141 normal (10 grams per liter).
Four runs were made in accordance with the procedure
of Example 1 with all variables held constant except
silica concentration and length of the run. Current and
current density were held at 5 amperes and 0.156 am-

‘peres per square inch of the anode respectively. The
~ hydrogel samples were rinsed with deionized water as
each was removed from the cell but were not washed.
The silica concentrations and the properties of the hy-
drogel and dried xerogel are shown in Table XIII.

TABLE XIII

EFFECTS OF SILICA CONCENTRATION IN ANOLYTE

~ Silica concentration (%) 10 15 20 25
Hydrogel TV | |

" TV.% | 59.25  51.37 4877 4294
Voltage* (volts) 90 126 13.0 15.3

- Length of run (hours) 3.4 3.5 5.0 4.0

- Xerogel (dried) | | _1
Na;0O % (dry basis) 3.22 0.21 040  0.74
SO4= % (dry basis) - 2.15 0.93

3.16
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35

4

The silica concentration affected two properties of
the hydrogel. At lower silica concentrations, the volt-
age to obtain a five ampere current was lower than at
higher concentratlons, since the electrical resistance of

- the solution was reduced. Lower silica concentrations

also increased the water content of the hydrogel recov-
ered from the anode and thus the pore volume of the
xerogel

EXAMPLE 12

This example illustrates the use of ammonium sulfate
as the salt in the anolyte solution in the procedure of
Example 1. The properties of the regular density xero-
gel product after drying without washing and the run

~conditions are shown in Table XIV.

TABLE XIV

Xerogel (Dried)
TV % 7.28
NayO % (dry basis). 0.27

- 85047 % (dry basis) 3.81
pH 1.95
Surface area (mz/g) 735 -
Pore volume (ml/g) 0.39

- Aiverage pore diameter (A) 21
Conditions
Ammonium sulfate concentratlon 0.150N (8 g/1)
5102 concentration (%) 20
Current density (amps/sq. inch
of anode area) 0.156

6.0

Length of run (hours)

Similar runs were conducted using anolyte solutions
containing sodium nitrite, sodium carbonate, sodium
citrate, sodium silicofluoride, ammonium oxalate, so-
dium fluoride, sodium chromate, and mixtures of so-
dium nitrate and ammonium silicofluoride and of so-
dium nitrate and sodium fluoride.

It was found that the use of sodium sulfate, sodium
nitrate, sodium nitrite, and ammonium sulfate produced
regular density of intermediate density silica gels de-
pending on the other process variables. The use of the

- other salts produced Intermediate density gels.

50

55

60
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What is claimed is: |

1. A method of preparing silica gel Wthh comprises
electrolyzing an aqueous anolyte solution of an alkali
metal silicate and a salt of a non-siliceous anion in a
concentration of at least about 0.01 normal in a cell
having a cation permselective membrane separating the
anolyte and an aqueous catholyte solution to deposit
silica hydrogel on an anode of the cell and recovering
the silica hydrogel from the anode. |

2. The method of claim 1 in which the silica concen-
tration of the anolyte solution is from about 5 to about
30 weight percent. -

3. The method of claim 1 in which the silica concen-

‘tration of the anolyte solution is from about 8 to about
28 weight percent.

4. The method of claim 1 in which the pH of the
anolyte solution is at least about 10.

5. The method of claim 1 in which the pH of the
anolyte solution is at least about 12.
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6. The method of claim 1 in which the anolyte solu-
‘tion has a silica to alkali metal oxlde welght ratio of
from about 1:1 to about 4:1. | |
7. The method of claim l in which the anolyte solu-

“tion has a silica to alkali metal oxlde weight ratio of 5 .

‘about 3.25:1. - |
8. The method of claim 1 in wluch the salt is a neutra]
- salt of a strong acid, a basic salt of a weak acid, or an
‘acidic salt of a weak base. |
9. The method of claim 8 in Wthh the salt is a salt of

the same alkali metal as is present in the alkah metal
silicate, | -

- 10. The method of claim 1 1n whleh the anion is ni-
‘trate, nitrite, carbonate, bicarbonate, sulfate, sulfamate, 15
borate, acetate, citrate, oxalate, silicofluoride, sulfosa-.

10

o lieylate, fluoride, phosphate, or mixtures thereof.

11. The method of olaun 1in whleh the anion 1s sul-
fate, nitrate, or carbonate. | | | _
12. The method of claim 1 in Wthh the anion is an 20
- anion of a strong acid. - -
. 13. The method of elalm 11 in which the anion s
‘sulfate or nitrate. | i
_ 14 The method of clalm 1 in. whleh the salt is an
ammonium salt or alkali metal salt. | '25
-~ 15. The method of claim 1 in Wthh the salt is a so-- y
‘dium or potassium salt. | | -

~ 16. The method of claim 1 in whleh the salt has a
“concentration of from about 0.01 to about 0.25 normal. 30
17. The method of claim 1 in which the aqueous |
catholyte is an aqueous solutlon of at least one alkali
metal hydroxide. | | . |
18. The method of clalm 1 in Wthh the aqueous

‘catholyte is an aqueous solution of a hydroxide of the 35
‘same alkali metal as is present in the alkali metal silicate.
19. The method of claim 1 in which the anode com-
prises a conductive coating of a platinum group metal,
“metal oxlde, or mixture thereof on a metal substrate of

titanium, tantalum, zueonlum, niobium, hafnlum or 40

mixtures thereof. |

~20. The method of claim 1 in which the cathode com- N

prises iron, steel, stainless steel, nickel, or a nickel alloy. |
-21. The method of claim 1 in which the anolyte solu- 45

tion is electrolyzed at a current density of from about

0.1 to about 2 amperes per square inch of anode area.
22. The method of claim 1 in which the temperature

of the anolyte solution is from about 10° to about 100°

C. o g

~23. The method of claim 1 in which the temperature .

~ of the anolyte solution is from about 25° to about 45° C.

- 24. The method of claim 1 in which the recovered

hydrogel is aged at about 32° to about 82 C for from
~about 5 to about 48 hours : - - 55
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25. The method of claim 1 further comprising wash-

'mg the recovered hydrogel with water, an acidic aque-

ous medium, or an alkaline aqueous medium.

26. The method of claim 25 1n which the hydrogel 1S
washed with an acidic aqueous medium.

'27. The method of claim 26 further comprlsmg dry-

~ ing the washed hydrogel.
- 28. The method of claim 25 in whxch the hydrogel s

washed with an aqueous alkaline medium. |
'29. The method of claim 28 tf'urther comprlsmg dry-

ing the washed hydrogel.

30. The method of claim 25 t'urther comprising dry-'
1ng the washed hydrogel.

31. The method of claim 1 further eompnsmg drying
the recovered hydrogel. -

- 32. The method of claim 1 in whleh the sﬂtca concen-

tration of the anolyte solution is from about 8 to 15
- weight percent, the temperature of the anolyte solution
1s from about 10° to about 50° C., and the anolyte solu-

tion is electrolyzed at a current densuty of from about

- 0.1 to about 0.4 amperes per square inch of anode area.
- 33. The method of claim 1 in which the silica concen- -
tration of the anolyte solution is from about 15 to about

28 weight percent, the temperature of the anolyte solu-

tion is from about 10° to about 80° C., and the anolyte

‘solution is electrolyzed at a current density of from

about 0.1 to about 2 amperes per square inch of the

~ anode area.

'34. The method of o]alm 1 further comprising remov-—_ '
ing the anolyte solution from the cell and electrolyzing
an aqueous acid anolyte solution in the cell for at least

~ about one hour to purify the hydrogel

35. The method of claim 34 in which the acid anolyte
1 an aqueous solution of the non-siliceous anion. |

36. The method of claim 35 in which the acid anolyte
I an aqueous solution of nitric acid or carbonic acid.

-37. The method of claim 35 in which the electrolysis

is effected for about one to about three hours at a cur-

rent density of from about 0.01 to about 0.4 anmeres per
square inch.. |

- 38. A method of preparlng a sﬂlea xerogel which
comprises electrolyzing in the substantial absence of
agitation an aqueous anolyte solution of sodium silicate

-and a salt selected from the group consisting of sodium

nitrate and sodium sulfate, said solution having a silica
concentration of from about 8 to about 28 weight per-
cent, a salt concentration of from about 0.01 to about
0.25 normal, a temperature of from about 25° to about

45" C,, and a pH of at least about 12, in a cell having a

cation permselective membrane separating the anolyte

- and an aqueous sodium hydroxide catholyte solution to
| deposit silica hydrogel on an anode of the cell, recover-

ing the hydrogel from the anode, and drylng the hydro-

gel to provide the silica xerogel.
. % %k % % %k
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